This study sought to determine changes in transpulmonary difference in blood cells and alveolar-arterial oxygen (A-aO 2 ) gradient when pulmonary artery circulation was obstructed in patients undergoing coronary artery bypass grafting (CABG) with cardiopulmonary bypass (CPB). Eighteen patients were divided into group A (control group; X-clamp placed on aorta, n = 9) and group B (pulmonary ischaemia group; X-clamp placed on aorta and pulmonary artery, n = 9). Haematological parameters were compared before CPB and up to 90 min after declamping. A-aO 2 gradient differences were compared before and 2 h and 6 h after declamping. A transpulmonary increase in leucocyte levels normalized after 60 min in group A but remained higher in group B. A transpulmonary increase in neutrophils normalized after 60 min in group A and 90 min in group B. Increased lymphocyte levels normalized after 30 min in group A and 90 min in group B. A-aO 2 gradient was determined as: group A (294.8 ± 74.3)  and group B (321.2 ± 73.3 ) before Xclamping; group A (132.7 ± 22.7) and group B (236.6 ± 41.5) 2 h after declamping; and group A (72.2 ± 22.7) and group B (189.4 ± 88.9) 6 h after declamping. When pulmonary artery circulation was obstructed during the X-clamping period, leucocyte, neutrophil and lymphocyte sequestration within both lungs increased, and an increased A-aO 2 gradient was observed because of tissue damage. To prevent post-operative complications, precautions to maintain normal pulmonary artery circulation are recommended.
Introduction
Pulmonary complications cause increases in morbidity and mortality in patients who undergo coronary artery bypass grafting (CABG) with cardiopulmonary bypass (CPB).
The aetiological roles of factors such as: direct contact between blood cells (including leucocytes and platelets) and artificial surfaces; activation of leucocytes due to contact with the extracorporeal surface; ischaemia-reperfusion injury; endotoxaemia and operative trauma in causing post-operative pulmonary complications are well known. 1, 2 During and after extracorporeal circulation, diffuse fluid accumulation and the need for increased fluids may cause lung injury and prolonged mechanical ventilation support. When endothelial cells experience hypoxia and inflammatory mediators activate leucocytes, the inflammation and coagulation processes strengthen. Normally, endothelial cells prevent leucocyte adhesion in the circulation, but during ischaemia endothelial cells produce leucocyte adhesion molecules. Neutrophil accumulation in activated endothelial cells is observed 3 -6 h after vascular occlusion and peaks on the second day. 3 Hypoxic endothelial cells cause the release of cytokines, including interleukin 8 (IL-8), which are important in leucocyte activation and transendothelial leucocyte migration. Free oxygen radicals, which are released as a result of leucocyte adhesion, also contribute to tissue damage.
Some studies report that CPB may not be the major factor in the development of postoperative pulmonary dysfunction. 4 Such studies emphasize the potential benefits of maintaining the pulmonary artery circulation and ventilation. Patients in whom total CPB is performed may develop pulmonary ischaemia if the bronchial circulation is restricted and, as a result, the alveolar-arterial oxygen (A-aO 2 ) gradient increases.
During CABG operations, inserting the twostage cannula into the right atrium allows the passage of some blood cells to the pulmonary artery and extracorporeal circulation. Sometimes, however, pulmonary artery circulation is disregarded during placement of the X-clamp. In this study we aimed to investigate changes occurring in the post-operative A-aO 2 gradient and blood cell composition between the right atrium and pulmonary vein (transpulmonary difference) in CPB patients.
Patients and methods

Patients
undergoing elective CABG operations with CPB were included. Patients who underwent emergency surgery or additional surgery for comorbid conditions, or patients with pre-operative lung disease were excluded. Informed consent was obtained from all patients and the study was approved by the Ethics Committee of Trakya University Medical Faculty.
For pre-medication, morphine sulphate (0.1 mg/kg) and scopolamine (0.2 -0.4 mg/kg) were injected intramuscularly. For intravenous anaesthesia, pancuronium as 0.1 mg/kg and fentanyl citrate as 10 -15 µg/kg were used.
A roller pump (Stöckert, Munich, Germany), membrane oxygenators (D708 simplex adult fibre oxygenator, Dideco, Mirandola, Italy), and hypothermia (28 ºC core temperature) were used during CPB. Activated clotting time was held over 480 s with heparin (300 IU/kg, Liquemine™, Roche) and supplementary doses were given as required. During CPB, the perfusion rate was regulated at 2.4 l/m 2 per min and the perfusion pressure was regulated at > 70 mmHg. All operations were performed by CPB with ascending aorta and right atrium (two-stage) cannulation. The patients were divided into two groups. In group A (control group), at the level of X-clamping of the aorta, the aorta and pulmonary artery were separated with dissection and the X-clamp (cross-clamp) was only placed on the aorta. In group B, the X-clamp was placed on both the aorta and pulmonary artery; hence, pulmonary artery circulation was totally obstructed causing pulmonary ischaemia. Immediately after X-clamping, pulmonary ventilation was stopped and the airway was switched to the standby mode. Myocardial protection was obtained by applying cold, hyperkalaemic crystalloid cardioplegic solution antegrade, and this application was repeated every 20 min. Heparin neutralization was undertaken by a 1:1 ratio of protamine HCl. 
LEUCOCYTE COUNTING
Before CPB and 5 min, 30 min, 60 min and 90 min after removing the X-clamp, blood specimens were taken from the right atrium and the right superior pulmonary vein. Haematocrit, erythrocyte, platelet, leucocyte, neutrophil and lymphocyte values were compared. All measurements were standardized by the formula shown below to correct for haemodilution:
PULMONARY FUNCTIONS
The A-aO 2 gradient was measured before X-clamping, and 2 h and 6 h after declamping, and the A-aO 2 gradient was calculated using the following formula: A-aO 2 gradient = [FiO 2 × (P atm -47) -PaCO 2 /0.8] -PaO 2 FiO 2 = inspirated O 2 fraction P atm = atmospheric pressure PaO 2 = arterial O 2 pressure PaCO 2 = arterial CO 2 pressure
STATISTICAL ANALYSIS
Data were presented as mean ± SD. All analyses were performed using SPSS software for Microsoft Windows (SPSS Inc., Chicago, IL, USA), and differences were considered statistically significant at a P-value of < 0.05. The Mann-Whitney U-test was used to compare continuous variables. A variant analysis technique (ANOVA) was used to measure differences between A-aO 2 gradients. The Bonferroni multiple comparison test was used to analyse the difference in A-aO 2 gradients.
Results
Eighteen patients were included in the study, and no statistically significant differences were found between demographic and operative characteristics of the two groups (Table 1) . No statistically significant changes in haematocrit, erythrocyte and platelet values were found between the groups (Table 2) . Table 3 shows the alterations in leucocyte levels. Leucocyte, neutrophil and lymphocyte values did not differ significantly before CPB, but the transpulmonary difference was enhanced after declamping and was greater at 5 min and 30 min after declamping in both groups. No statistically significant differences were observed in later measurements in group A, but in group B the transpulmonary difference was maintained at 90 min after declamping (P < 0.05). Neutrophil values were significantly higher in group A at 5 min and 30 min after Lymphocyte values were significantly higher in group A at 5 min after declamping and also 5 min, 30 min and 60 min after declamping in group B (Table 3) . Table 4 shows changes in the A-aO 2 gradient. In group A, a decrease in the A-aO 2 gradient was statistically significant at both 2 h and 6 h after declamping. In group B the difference was only significant 6 h after declamping; no significant difference in the A-aO 2 gradient was found 2 h after declamping.
Discussion
The pathophysiological mechanism of CPBinduced lung injury is caused, in part, by cardiogenic and infective factors, including the systemic inflammatory response that results from contact between blood and artificial surfaces, and platelet activation.
The systemic inflammatory response is dependent on local and systemic secretions of humoral mediators of activated leucocytes, neutrophils, lymphocytes, macrophages and endothelial cells. 1, 3, 5 Leucocytes that migrate with leucocyte adhesion molecules (formed by damaged endothelial cells) accumulate on endothelial surfaces, and the leucocyte-endothelial cell interaction is controlled by the regulation of integrin receptors (intracellular adhesion molecule [ICAM]-1 and ICAM-2) on endothelial cells. Free oxygen radicals that are released because of hypoxia stimulate selectin formation on endothelial cells. Selectins then rapidly appear on endothelial cell surfaces, which augments neutrophil infiltration. The molecular signals on the activated endothelial cells are activated during ischaemia, but neutrophil-induced damage occurs after reperfusion. Neutrophils are important in transendothelial cell migration and adherence, and cause nonspecific damage. Free oxygen radicals, formed by neutrophils, damage the lipid part of the membrane and nucleic acid causing cell dysfunction, oedema and cell death. Activated neutrophils cause further damage to the cell and extracellular matrix by secreting proteolytic enzymes. 1 Cytokines including IL-8, which are released from leucocytes after infiltration following reperfusion, are important in activating the inflammatory response. Monocytes, which migrate to the interstitium and the alveolar space as a result of extravasation from pulmonary vessels, transform into macrophages.
During pulmonary inflammation in the first 30 min following acute lung injury, alveolar macrophages are activated. These macrophages are important in the development of acute pulmonary injury development via the release of cytokines, cytotoxic metabolites and chemotactic substances for leucocytes. 5 The ischaemiareperfusion experimental model has demonstrated the neutrophil infiltration of alveolar spaces at 4 h after reperfusion. 6 When the CPB-induced systemic inflammatory response is compared with off-pump and minimally invasive direct coronary artery bypass (MIDCAB) techniques, C 5a , C 3d and inflammatory cytokine levels rise significantly. In particular, C 5a causes tissue damage by stimulating P-selectin formation in endothelial cells and tissue sequestration of neutrophils. 7 The pulmonary injury and number of leucocytes sequestrated in lung tissue may be reduced if pulmonary perfusion is performed using hypothermic protective solutions containing antiinflammatory substances. 8 In our study, we detected an increase, followed by a gradual decrease, in erythrocyte, leucocyte, platelet, neutrophil and lymphocyte levels after declamping. Although the transpulmonary differences in erythrocyte, platelet and haematocrit values were not statistically significant, significant transpulmonary differences in leucocyte, neutrophil and lymphocyte values were determined. Augmentation of the transpulmonary difference shows the sequestration of these blood cells into lung tissue, which may be responsible for the postoperative complications.
Platelets that are sequestrated from pulmonary capillary vessels in cases of severe ischaemia may contribute to endothelial damage and tissue oedema by cytotoxic metabolite secretion. Platelets accumulate in minor pulmonary vessels during CPB. Using prostacyclins to inhibit platelet aggregation maintains the level of platelets and reduces platelet aggregation, occlusive fibrins, leucocyte levels and the platelet-derived microaggregates which may cause pulmonary arterial obstruction. In an experimental study that used an uncoated bypass system, platelet levels were reduced and leucocyte accumulation in major organs was increased. 1 Aggregated platelets may cause significant vessel contractions, disturbing endothelial continuity. Plateletinduced spasm and occlusion seem to be more frequent with radial artery conduits; because of this, the use of anti-spastic and anti-platelet drugs to prevent arterial spasm and occlusion of radial artery conduits has increased. At the end of the CPB procedure, platelet levels may decrease by 32% compared with baseline levels. Nevertheless, the importance of platelet aggregates in lung tissue during CPB is not completely established.
In our study, we determined that platelet levels reduced after declamping in both groups, but there were no statistically significant differences between the groups regarding the transpulmonary difference in platelet counts. When pulmonary artery circulation is obstructed, platelet sequestration in lung tissue is unchanged. The effect of the dual circulatory system of the bronchial and pulmonary arteries of the lungs is that ischaemia reperfusion injury is rare. The sensitive alveolar-capillary membrane that protects the lungs, and transplantation-induced reperfusion injury, impact upon the success rate of lung transplantations. If bronchial circulation is insufficient, ischaemia and reperfusion injury may occur in lungs during CPB. An experimental study showed that under conditions of sufficient perfusion pressure, bronchial blood flow reduced when pulmonary artery circulation was obstructed during CPB. 9 Suzuki et al. 10 showed that in infants with continuous pulmonary perfusion, leucocyte levels were lower than pre-bypass values at 30 min after declamping and PaO 2 /FiO 2 values were better in the post-operative period. These studies confirm the beneficial effects of pulmonary artery circulation protection. In ischaemia and reperfusion, leucocytes cause the release of cytotoxic mediators and enhancement in permeability of postcapillary vennules. Studies have shown that adhesion and infiltration of leucocytes and tissue injury were prevented by using scavengers for free oxygen radicals. Neutrophil infiltration begins within 3 min of tissue reperfusion, peaking after 2 -3 h, and leucocyte accumulation increases in proportion to the severity of ischaemia. 3 By using scavengers for free oxygen radicals during CPB, leucocyte levels fall and the systemic inflammatory response may be weakened. 11 In our study, prolonged continuation of the transpulmonary difference of leucocyte, neutrophil and lymphocyte levels after declamping in the pulmonary ischaemia group compared with the control group suggests that the ischaemia in this group was more severe.
The pulmonary endothelial injury after CPB and the A-aO 2 gradient are the most valuable criteria to evaluate the ventilationperfusion imbalance of the lungs. Free oxygen radicals and alveolar-capillary leakage induced by inflammatory mediators cause pulmonary oedema that results in reduced pulmonary compliance and increased A-aO 2 gradient.
Since myocardial energy consumption is increased during hypoxia, specific factors that cause hypoxia must be determined.
In our study, the A-aO 2 gradient values, which were measured at 2 h and 6 h after declamping, were significantly lower in the control group compared with the pulmonary ischaemia group. The wider A-aO 2 gradient in the pulmonary ischaemia group indicates alveolar-capillary membrane oedema or the degree of injury. Consequently, if the pulmonary artery circulation is obstructed during CPB, the leucocyte sequestration in the lung tissue is increased and, because of the membrane damage, the A-aO 2 gradient also increases. In such patients severe hypoxia may develop because of the increased A-aO 2 gradient. We recommend that precautions should be taken to maintain unobstructed pulmonary artery circulation in patients undergoing CPB.
